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SUMMARY

Emx1 and Emx2, mouse orthologs of theDrosophila head
gap gene,ems are expressed during corticogenesi€mx2
null mutants exhibit mild defects in cortical lamination.
Segregation of differentiating neurons from proliferative
cells is normal for the most part, howeverreelin-positive

mutant telencephalon did not move to the cortex. MAP2-
positive neuronal bodies and RC2-positive radial glial cells
emerged normally, but the laminar structure subsequently
formed was completely abnormal. Furthermore, both
corticofugal and corticopetal fibers were predominantly

Cajal-Retzius cells are lost by the late embryonic period.
Additionally, late-born cortical plate neurons display
abnormal position. These types of lamination defects are
subtle in the Emx1 mutant cortex. In the present study we
show that Emx1 and Emx2 double mutant neocortex is
much more severely affected. Thickness of the cerebral
wall was diminished with the decrease in cell number.
Bromodeoxyuridine uptake in the germinal zone was
nearly normal; moreover, no apparent increase in cell
death or tetraploid cell number was observed. However,
tangential migration of cells from the ganglionic eminence
into the neocortex was greatly inhibited. The wild-type

absent in the cortex. Most importantly, neither Cajal-
Retzius cells nor subplate neurons were found throughout
E11.5-E18.5. Thus, this investigation suggests that laminar
organization in the cortex or the production of Cajal-
Retzius cells and subplate neurons is interrelated to the
tangential movement of cells from the ganglionic eminence
under the control of Emx1 and Emx2.

Key words: Neocortex, Cortical lamination, Radial cell migration,
Tangential cell migratiorEmx1, Emx2 Cajal-Retzius cells, Subplate
neurons, Pioneer neurons, Interneurons, Ganglionic eminence,

ganglionic eminence cells transplanted intemx1/2-double  Mouse

INTRODUCTION layers develop earlier; in contrast, progressively younger
neurons form upper cortical layers. As a result, five layers are
The mammalian cortex is the most complex structure imenerated in the cortical plate. This ‘inside-out corticogenetic
animate nature. Neuronal differentiation begins around E11§radient’ is a general feature of the mammalian cortex
in the cortex, with the major period occurring between E12{Angevine and Sidman, 1961; Caviness and Rakic, 1978).
E18 (Marin-Padilla, 1998). First, the preplate is formed; Cajal- CR cells localize in the marginal zone and play an essential
Retzius (CR) cells and subplate neurons are pioneer neurormde in cortical lamination. Reelin which encodes an
that differentiate at this earliest stage. By E13.5, the preplagxtracellular matrix protein, is expressed in the CR cells and is
has split into the marginal zone and the subplate. Subsequentiykey molecule in the orchestration of the radial migration of
the cortical plate is formed between these regions by migratiacortical plate neurons (D’Arcangelo et al., 1995; Ogawa et al.,
of differentiated neurons through the subplate. Projectiod995; Alcantara et al., 1998; Curran and D’Arcangelo, 1998;
neurons that are born in the ventricular zone migrate radiallRice and Curran, 1999). A spontaneous mouse mteetdr

and accumulate in the cortical plate. At this juncture, neuronsxhibits a mutation in theeelin gene. The CR cells develop,
born later pass those born earlier, and settle in progressivebyt reelin is not produced in the mutant. In its cortex the
more superficial levels in the cortical plate. Thus, deep corticgdreplate does not split into the marginal zone and subplate.
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Consequently, this structure constitutes a “superplate” in th&€997). The investigations also suggested that these genes may

most superficial region of the cortex. Cortical plate neuronfunction in cortical lamination at a later stage. Indeed,

accumulate beneath the superplate; young neurons canmdéllamaci et al. (Mallamaci et al., 2000) recently

migrate outward by passing across pre-existing cell layerdemonstrated thaeelin-positive CR cells are initially formed

(Caviness, 1982). at E12 inEmx2single mutants, but they are subsequently lost
Radial glial cells are also among the earliest cell types tm the neocortical region. Concomitantly, neurons constituting

emerge in the developing mammalian forebrain (Rakic, 1972he cortical plate display an abnormal migration pattern in the

Misson et al., 1988). Their fibers extend radially across thsingle mutants. Defects in neocorticogenesis are subtle in

entire cerebral wall from the ventricular surface to the piaEmx1single mutants (Yoshida et al., 1997).

surface, resulting in the formation of a dense scaffold. The The present investigation examined neocorticogenesis

scaffold is thought to provide a cellular substratum thatlefects inEmx1 and Emx2 double mutants. The analyses

supports and directs the migration of young cortical neuronsuggest thaEmxland Emx2cooperate to promote cell influx

Radial glial cells persist throughout corticogenesis. Howeveffom the ganglionic eminence and operate in tandem in the

they proliferate throughout cortical development and may bdevelopment of CR cells and subplate neurons.

multipotent progenitor cells that give rise to various cell types,

including neurons (Chans-Sacre et al., 2000; Malatesta et al.,

2000; Hartfuss et al., 2001; Miyata et al., 2001; Noctor et alMATERIALS AND METHODS

2001). The glial cells transdifferentiate into astrocytes during

the perinatal period following the completion of neuronalMouse mutants

migration. Both radial glial and CR cells are transient pioneeEmx1’- single homozygous anBmx2’- single heterozygous mice

cells, appearing and disappearing at similar stages. were obtained as previously described (Yoshida et al., 1997). They
As pioneer neurons, subplate neurons play a role in tha&ere mated to generate double mutants as described in Results. Mice

guidance of cortical afferents such as thalamocortical afferenygere housed in an environmentally controlled room of the Laboratory

(Allendoerfer and Shatz, 1994; Molnar and Blakemore, 1995Animal Research Center of Kumamoto University under University

Nothias et al.. 1998: Mackarehtschian et al.. 1999: Zhou et apuidelines for animal and recombinant DNA experiments. Genotypes
N ’ P Do ' . of newborn mice and embryos were routinely determined by PCR
1999). In lower mammals, a significant portion of thalamic nalyses as described (Yoshida et al.,, 1997). Confirmation, when

fibers enters the_ neocortex via the margir_1a| ZOne, in contra cessary, was effected by Southern blot analyses. Genomic DNAs
entry is predominantly via the subplate in higher mammalgsjizeq in the analyses were prepared from tails or yolk sacs. Noon

(O'Leary, 1989; Super et al., 1998). During evolution, theof the day on which the vaginal plug was detected was designated as
subplate appears to have increased in thickness while tig®.5.

marginal zone has become relatively thinner. These early. ) .

growing subplate axons have been suggested to control, in tuffistological analysis

neocortical development, area specification and laminatioBRrains were fixed with Carnoy’s fixative solution at room temperature
(Rakic et al., 1991; Nothias et al., 1998; Mackarehtschian é¢r 18-24 hours. Specimens were dehydrated and embedded in
al., 1999; Zhou et al., 1999). Corticogenesis of the layer [\paraffin (Paraplast; Oxford). Serial sections (thickness gipwere
neurons occurs at the identical developmental stage as the onf¥&Pared and stained with 0.1% Cresyl Violet (Sigma).

of thalamic innervation into the subplate (Kennedy and DehagNA probes and in situ hybridization

1993; Zhou et aI.,_ 1999). However, little is known regardln%mbryos were dissected in phosphate-buffered saline (PBS) and fixed
the molecular basis of subplate neuron development. overnight at 4°C in 4% paraformaldehyde (PFA) in PBS. Specimens

In addition to these glutamatergic projection neuronswere gradually dehydrated in ethanafMHup to 95% ethanol and
interneurons constitute another major cell population withirstored at —20°C. The protocol for in situ hybridization of embryos was
the cortex. GABAergic interneurons are born in the ganglioni@s described (Wilkinson, 1993). Single-stranded digoxigenin-UTP-
eminence and migrate tangentially into the cortex (de Carldgbeled (Boehringer Mannheim) RNA probes were employed. The
et al., 1996: Anderson et al., 1997: Anderson et al., 199¢robes were as follow&F1 (a Kpnl/Xhd fragment of cDNA) (Tao

; . . ; nd Lai, 1992)PIx1 (Bulfone et al., 1993 mxlandEmx2(Yoshida
lamamatd etal, 1997 Lavdas etal, 1999; Marin et a'éozool(;@t al., 1997)Msx1(aEcaRI/Xbd fragment isolated by RT-PCR) (Hil
Oligodend t ,I b in th beort ’d . %1 al., 1989),NEX (Schwab et al., 1998)Ngn2 (Sommer and

lgodendarocytes are also born In the subcortex and migra derson, 1996), Pax6 (Walther and Gruss, 1991)reelin

tangentially to the cortex (Spassky et al., 1998; Olivier et al D’Arcangelo et al., 1995)SCIP (Monuki et al., 1989) and.hx2
2001). However, the number of other sites of origin of corticajporter et al., 1997).

cells and the extent of cell influx from each of these sites
remain unknown. Immunohistochemistry

Emx landEmx2 mouse orthologs of thBrosophilahead In the immunohistochemical staining with antibodies against
gap geneems are expressed during corticogenesis (Simeon_galretinin, MAF_’Z, _CSPGS, GAP43, _TAGl and L1, brains were fixed
et al., 1992; Gulisano et al., 1996; Mallamaci et al., 1998():;%(: tCi;:ggy’zt fgﬂveth ifkrggsegdelg t'rr]\e p;ggilﬁgt Va?r? rﬁggzi%un:r;ﬂy
Emx2expression begins around the 3 somite stage and covers '~ X AN .
the cortif:)al region, agportion of the lateral ganglior?ic eminencgjnthOCIIes against calretinin, GABA, GFAP and glutamate, brains

. . I ere fixed in PFA (4% paraformaldehyde in PBS), and in the staining
and the diencephalon anterior to the zona limitans by E10. ith the RC2 antibody they were fixed in PLP (2% paraformaldehyde

Emxlexpression occurs around E9.5 in the cortical region. OUg 1.359 Iysine in phosphate buffer). Fixed brains were soaked in
previous studies involvingemx1 and Emx2 single mutants 209 sucrose in PBS and embedded in OCT compound (TISSUE-
suggested that these genes play essential complementary rofeéx, USA). Cryostat sections of 10-36n thickness were prepared

in the development of archipallium structures (Yoshida et al(MICROM HM500M; Carl Zeiss).
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Paraffin sections were deparaffinized with xylene, rehydratedigration analysis

through a descending ethanol series and immersed in Tris-buffergdeven wild-type, fiv&Emx2/-single mutant and fivEmxt-Emx2/-
saline supplemented with 1% Triton X-100 (TST). Specimens wergiouble mutant E13.5 telencephalon specimens were analyzed.
subsequently treated with 0.3% hydrogen peroxide and 30% methangbronal sections were cut (thickness of 200-861). Subsequently,

in TST for 30 minutes. Sections were then incubated with primarynigration analysis was performed by introduction of-tljctadecyl-
antibodies overnight at 4°C. After rinsing, specimens were incubategl 3 3 3-tetramethylindocarbocyanine perchlorate (Dil) in the medial
with the corresponding secondary antibodies. Immunostaining waganglionic eminence as described previously (Powell et al., 2001).

effected in 0.05 M Tris buffer containing 0.01% diaminobenzidineTransplantation assays were performed at the times stated in Fig. 5
tetrahydrochloride (DAB) and 0.01% hydrogen peroxide. Theegend.

following primary antibodies were utilized: polyclonal anti-calretinin
(AB149; Chemicon), 1:500; monoclonal anti-chondroitin sulfate
(clone CS-56; Sigma), 1:600; monoclonal anti-GAP43 (clone GAP-
7B10; Sigma), 1:2000; polyclonal anti-L1 (Fukuda et al., 1997),RESULTS
1:1000; monoclonal anti-MAP2 (clone HM-2; Sigma), 1:500;
polyclonal anti-TAG1 (Fukuda et al., 1997), 1:1000. Emx1/2 cortex is thin with the decrease in cell
Frozen sections were stained by the free-floating method, followedumber
by incubation with primary antibodies in PBS overnight at 4°C. Afteremxt/- mutants are viable and fertile (Qiu et al., 1996;
rinsing, specimens were incubated with corresponding secondaky,snida et al., 1997), howev&mx2’~ mutants die soon after

antibodies. Immunostaining was effected in 0.05 M Tris buffer,.. : e .
containing 0.01% diaminobenzidine tetrahydrochloride (DAB) andb”.'th asta r?SL:It :?;g;?%enlrtﬁ; de{eclts ](_Sgéegrp_ét alé{,_l996’
0.01% hydrogen peroxide. Immunofluorescence was performed wi\g‘Iyamo oetal, » Yoshiaa et al, Jnx mx

fluorescein-conjugated secondary antibodies (Vector). The followingouble heterozygotes were obtained via crosses between
primary antibodies were utilized: polyclonal anti-calretinin (AB149; mxX/~ single homozygotes and Emx2/~ single
Chemicon), 1:500; monoclonal anti-GFAP (clone GF12.24; Progen}jeterozygotes. These mutants were obtained in Mendelian ratio
1:500; monoclonal anti-GABA (clone GB-69; Sigma), 1:2000;and were fertile; moreover, their crosses wEmMxI’~
monoclonal anti-glutamate (clone GLU-4; Sigma), 1:10000;

monoclonal anti-RC2 (tissue culture supernatant cell lir
generous gift from Dr M. Yamamoto, Tsukuba Univer:
Japan) (Mission et al., 1988).

Cell proliferation and birthdate studies

For birthdate studies, timed-pregnant female mice were inj
intraperitoneally at several stages of pregnancy with a ¢
pulse (50 mg/kg body weight) of 5-bromb&eoxyuridine
(BrdU) (5 mg/ml dissolved in sterile PBS; Nacalai Tes
Japan). Subsequently, distribution of BrdU-positive cells
determined at E18.5 or E19.5. In order to investigate
proliferation, BrdU was delivered to pregnant mice 2 h
before sacrifice. Brains were fixed with Carnoy’s fixative
embedded in paraplast. Sections were subsequently pr
(thickness of 1qum). Samples were first incubated in 2 N |
for 90 minutes, followed by three 10-minute treatmeni
0.1 M borate buffer (pH 8.5) to neutralize residual ¢
Specimens were then immunostained with monoclonal
BrdU (clone 33281A; Pharmingen), 1:500, followed by C
immunohistochemistry. Total cells and BrdU-positive ¢
were counted across a width of 0@ over the area indicat
in Fig. 2A.

Flow cytometric analysis of DNA content

Pregnant female mice at E12.5 were injected intraperitor
with a single pulse (10Ql) of BrdU (10 mg/ml dissolved |
sterile PBS; BrdU Flow Kit; Pharmingen). Two days later,
neocortical tissue was excised from each embryo;
embryos of each genotype were subjected to the analysi
tissue was dispersed by pipetting and cells were collecte
concentration of 210° cells /tube. DNA content analysis v
conducted by flow cytometry (FACS Calibur; Bec
Dickinson) based on the manufacturer’s protocol follo
staining with FITC-labeled monoclonal anti-BrdU and 7-A
(7-amino-actinomycin D).

Fig. 1. Morphological features dEmx1/2double mutant telencephalon.
TUNEL assay Coronal views at (A-C) E18.5, (D-F) E15.5, (G-1) E13.5 and (J-L) E11.5.
Serial paraffin sections (@8m) derived from embryos fixed  (A,D,G,J) wild-type, (B,E,H,KEmx2/-and (C,F,|,L)EmxT/- Emx2/~
10% formaldehyde at E11.5-16.5 were subjected to TL telencephalon. LGE, lateral ganglionic eminence; MGE, medial ganglionic
assay according to the manufacturer’'s protocol (In Situ eminence; MP, medial pallium; NC, neocortex; PA, pallidium; ST, striatum.
Death Detection Kit, AP; Boehringer Mannheim). Scale bars: (A-F) 450m; (G-L) 300um.
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Fig. 2.BrdU incorporation. (A) Boxed

B areas indicate 100m wide sampling areas.
10000 (B,C) Numbers of total cells (B) and BrdU-
9000 | positive cells (C) were counted in nine
2000 | sections obtained from three embryos of
each genotype. (D) The labeling index, or
BrdU-positive cells per total cells. Scale
6000 | bars, 10qum.
5000 |

4000

WT

7000

-
mez pallium was already obvious; however,

a00d | the thickness of the neocortical wall was
2000 | largely unchanged. Thickening of the
1000 % cerebral wall following E12.5
; ) progressed nearly normally iEmx2

R E11.5 E16.5 single mutants, but not in themx1/2
" double mutants. The present study
L ez focused on this defect in
C D neocorticogenesis. The roles Bmx1

35 andEmx2in development of the medial
pallium earlier than E11.5 will be
reported elsewhere.

The absence of the increase in cell
number was, at first glance, dubious.
Indeed, at E11.5, the number of cells
present across the double mutant wall
was nearly identical to that of wild type,
but the number was approximately 60%
that of the wild-type wall at E16.5 (Fig.
| 2B). This was most probably due to the
% defects in cell proliferation. The

= . . 0 : frequency of S-phase nuclei in cortical
i s E1S E16S progenitor cells was subsequently
examined by labeling with a single
intraperitoneal injection of BrdU. In
wild-type embryos, the lateral, central
homozygotes yielded fertiEmxt’-Emx2/~double mutantsin and medial regions of the ventricular zone in the cortex
approximately a quarter of the offspring. These double mutanexhibited nearly the same level of BrdU labeling, with the
were propagated and maintained via intercrosses or by crosse&eption of the fimbria region (Reznikov and Kooy, 1995). No
with Emxt’~ single homozygotes as the source to generatdifference was apparent in the frequency of BrdU-labeled cells
EmxX-Emx2’/-(Emx1/3 double mutants. ThEmx1/2double  of the double mutant cortex relative to that of the wild-type or
homozygous mutants died soon after birth, as dicEthg2/~  Emx2single mutant cortex at either E11.5 or E16.5 (Fig. 2C).
(Emx2single) mutants; however, the double mutants occurre@onsistent with this finding, the thickness of the ventricular
in Mendelian ratio prior to delivery. zone was nearly normal in tlemx1/2double mutants (Fig.

In E18.5Emx1/2double mutants, the medial pallium was 6D-F). Total cell number decreases with gestational age,
lost, and the cortex was greatly reduced not only in area babnsequently, this observation indicates that the frequency of
also in thickness (Fig. 1). At E11.5, the point at which cellabeled cells per total cells, or the labeling index, increases in
differentiation begins in the cortex, the loss of the mediathe double mutant cortex (Fig. 2D).
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The decrease in cell number with the normal pool of BrdUthe cortex when transplanted into the medial ganglionic
incorporating cells could occur as a result of defects in ceéminence of wild-type slices. In contrast, wild-type cells could
division following final DNA duplication. This possibility was not migrate into the cortex when transplanted iBtax1/2
assessed by DNA content analysis on the second day followimpuble mutant slices.

BrdU Iabehng at E12.5 (Fig. 3). The analysis suggested no
difference in the frequency of tetraploid cells either in Brdu-Pan-neural differentiation is normal in the double
positive or negative populations among wild-tygex2single ~ mutant
mutant andEmx1/2 double mutant cortex. Accelerated cell Neuronal differentiation begins around E12.5. The possible
death could also account for the decline in cell number in thdisturbance in neuronal differentiation was examined in the
Emx1/2 double mutant cortex. Using the TUNEL assaymutants through the expression of pan-neuronal markers.
prominent cell death was detected exclusively in the rooNormally a layer of MAP2-positive neurons emerges at E12.5
area during E11.5-16.5 (Gavrieli et al., 1992). Additionally,beneath the pial surface. These neurons were normally observed
increased cell death was not observed inBEhe1/2double  in Emx1/2double mutants (Fig. 11G-l). At E15.5 Emx1/2
mutant cortex (data not shown). double mutant cortex, differentiated neuronal cells were

] o o separated normally from the undifferentiated ventricular zone
Defects in cell migration into cortex from ganglionic as determined witNEX, a bHLH gene unique to differentiated
eminence neurons (Fig. 6A-C) (Bartholomae and Nave, 1994; Shimizu et
Projection neurons are born in the cortical ventricular zone aral., 1995), and.hx2, a marker for proliferative undifferentiated
migrate radially, whereas interneurons in the cortex are born icells (Fig. 6D-F) (Porter et al., 1997).
the ganglionic eminence and migrate tangentially into the Radial glial cells are among the earliest cells to emerge and
cortex. The decrease in cell number can be explained by tipersist throughout cortical development, constituting a major
decrease in this cell influx. Influx was examined in slicecell type of the developing brain (Super et al., 1998; Chans-
cultures by Dil-labeling of the medial ganglionic eminenceSacre et al., 2000). The glial cells transdifferentiate into
(Powell et al., 2001). In slices prepared from E13.5 brain, 4.Gastrocytes upon completion of neural migration at an early
4.5% of the cells were Dil-positive in the neocortical area opostnatal stage. RC2 and GFAP mark these radial glial cells
the wild type, as determined by counting of dissociated celland astrocytes, respectively (Misson et al., 1988; Sancho-Tello
8 hours after Dil-positive cells first reached the corticallet al., 1995). RC2-positive radial glial cells were present in
subcortical boundary. In contrast, no positive cells were founBEmx1/2 double mutants (Fig. 6G-I), although the radial
in the double mutant neocortex. In
Emx2 single mutants, migration w
initially retarded (Fig. 4E), howew«
the cells were able to migrate into
neocortex after 2 days in culture (F
4H,K). In contrast, irEmx1/2double &
mutants, Dil-positive cells could r <
cross the cortical/subcortical bor
even after 2 days in culture (Fig. 41,
Of note was the obvious increase
volume of the subcortical area dur
culture. This increase was proba
the result of the lack of cell migrati
into the cortical area. Indeed,
ganglionic eminence was normal
size at E11.5, but becal
hypertrophic at subsequent sta
(Fig. 1).

Emx1 is not expressed in tl
subcortex (Tole et al., 2000b) and
migration defects characteristic
double mutants are most probably

Emx1/2”

E m.t.?_'l_

1 day

2 day

to cortical defects resulting from t ,, . E T
double mutation rather than el L ‘./ = ;j
ganglionic eminence cells per se. g‘f :‘ye

confirm this, the migration wi 1 a4

analyzed in double mutant or wi
type slices transplanted with the wi
type or double mutant gangliot
eminence cells, respectively. Th
types of assays were conductec
shown in Fig. 5. In all three the dou
mutant cells were able to move i

BE i

Fig. 4.Cell influx from the ganglionic eminence. Dil was placed in the E13.5 medial ganglionic
eminence (A-C). Subsequently, slices were cultured for 1 (D-F) and 2 days (G-I). (J-L) Enlarged
views of the boxed areas in G-I, respectively. (A,D,G,J) wild type, (B,E,BiQ2single and

(C,F,I,L) Emx1/2double mutants. Yellow dotted lines show the cortical/subcortical borders. Scale
bars: (A-l) 100um; (J-L) 400um.



3484 K. Shinozaki and others

Fig. 5. Transplantation analysis of migration
defects. To determine that migration defects in
Emx1/2double mutants do not reside in
ganglionic eminence cells, three assays were
conducted (A). In the first assay (1), E13.5
medial ganglionic eminences were dissected and
dispersed with trypsin. Then, the dispersed cells
were labeled with Dil and injected into E13.5
medial ganglionic eminence of the host
telencephalon slices. The donor cells were also
BrdU-labeled, by injecting the drug into the
pregnant mother intraperitoneally at E11.5, to
rule out the possible secondary Dil-staining of
host cells. BrdU-positive donor cells in the
cortex were detected by immunohistochemical
staining with the antibody against BrdU after vibratome sectioning.
B DM — WT WT — DM In the second assay (2), explants of aboutjri@liameter were _
a— prepared from E13.5 medial ganglionic eminences and labeled with
T Dil. The donor explant was placed into a hole cut through the medial
* ganglionic eminence of the E13.5 host telencephalic slice. In the
: third assay (3), cortices and medial ganglionic eminences were
v, 0 surgically separated obliquely (green line) at the lateral ganglionic
W : eminence level. A wild-type cortex piece was then recombined with
a mutant medial ganglionic eminence piece and vice versa.
Subsequently, ganglionic eminence cells were labeled with either Dil
or Venus. Venus is a EYFP variant (Nagai et al., 2002). The plasmid
DNA solution was injected in the medial ganglionic eminences and
s, s introduced into the cells by electroporation (Marin et al., 2001).
Typical examples of each assay are shown in B. Red arrows indicate
: the labeled cells in the front of migration; yellow dotted lines show
the cortical/subcortical borders. Scale bars: 1®0 (C) A summary
s odf the assay results: indicates the donor to host relationship. Each
s column of the table indicates the number of slices that showed the
e, migration of donor ganglionic eminence cells into host cortex per

A Recipient

Dl lnbelling
or

Donor Venus ek

Emxli2"

(2)

Vo, Sl

3 Ll il i

total slices examined.

matter was thin and the subplate was less distinct. The marginal
zone, which is normally cell body poor, displayed an increased

C BI-wILWE— DM DM -2 W1 Iy — DM number of cell bodies (Fig. 7G); moreover, the cortical plate
_ 3 0 3 border on the marginal zone was wavy in the lateral portion of
@ /% /3 /z ND the Emx2 single mutant neocortex. In contrast, laminar
organization was severely impairedEmx1/2double mutants
15

y (Fig. 7D). Heavy accumulation of cell bodies was evident in the
15 2 most superficial region of the neocortex beneath the pial surface
where, normally, the molecular layer should exist (Fig. 7H). The
ND cortical plate was obscured and the subplate could not be
identified. Relatively cell body-rich and -poor zones existed. In
the former, however, neurons were distributed in a diffuse and
disorganized fashion. The white matter was scarce, particularly
alignment of their fibers was greatly disturbed. The disruptiomt the medial portion, and abnormal axon bundles occasionally
was more severe than lfmx2single mutants. However, as in invaded the cell body-rich zone.
wild type, no GFAP-positive astrocytes were evident in the The defects in the cortical architecture were subsequently
E18.5 double mutant cortex, suggesting the absence absessed using immunohistochemical analysis of MAP2, which

) 2/2
3) ‘/3

SN B

accelerated differentiation into astrocytes (Fig. 6J-L). specifically identifies dendrite extensions of post-mitotic cortical

. . _ ) o neurons. In the wild-type cortex, MAP2-positive neuronal
Cortical architecture is greatly impaired in ~ Emx1/2 processes are arranged radially and form a tight, palisade-like
double mutants pattern in the cortical plate (Fig. 71). MAP2 also stains the

The E18.5 neocortex is laminated into the marginal zondjorizontal processes of subplate neurons (Luskin and Shatz,
cortical plate, subplate, intermediate zone and subventriculat®85; Wood et al., 1992) but not those in the marginal and
ventricular zone (Fig. 7A). Each zone was clearly discernible imtermediate zones (Ringstedt et al., 1998). This MAP2
Emx1 single mutants as in wild-type neocortex (Fig. 7B,F)distribution was normal iEmx1single homozygotes (Fig. 7J).
(Yoshida et al., 1997). The laminar organization, whileln Emx2single mutants, the MAP2-negative superficial layer
established, was somewhat perturbedinx2single mutants was thin; however, the palisade-like neuronal processes and the
(Fig. 7C) (Yoshida et al., 1997; Mallamaci et al., 2000). Whitesubplate neurons were observed (Fig. 7K). In contrast, this
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pattern was severely disorderedEimx1/2double homozygotes. throughout the entire cerebral cortex (Fig. 9A,D,G) (Alcantara
MAP2-positive dendrites were scattered throughout thet al., 1998). At E13.5, though reduced in numbeelin-
neocortical wall except for the ventricular zone; in addition, thgositive cells were observed ifEmx2 single mutants
palisade-like pattern and the subplate neurons had disappeat®thllamaci et al., 2000) (Fig. 9B). These cells were
(Fig. 7L). The MAP2-negative superficial layer was absent, andredominantly absent in neocortex and paleocortex regions at
a line of strong signals was present just beneath the pial surfa&l5.5 (Fig. 9E,H) but present in the most medial region of the
At E16.5, both GABA- and glutamate-immunoreactivitiescortex, the presumptive cingulate cortex and hippocampal
are prominent in the marginal zone, subplate and intermediatanlage. In contrasteelin expression was completely absent in
subventricular border (Fig. 7M,P) (Del Rio et al., 1992; Del RicEmx1/2double mutants in the superficial portion of the entire
et al., 1995). These GABA- and glutamate-positive layers wereerebral cortex both at E13.5 and E15.5 (Fig. 9C,F,I).
present inEmx2 single mutants, albeit diffusely. IBmx1/2 In mouse embryonic cerebral corteeelin is expressed
double mutants, however, GABA-positive neurons wereexclusively in CR cells (Alcantara et al., 1998). Therefore, the
scattered and did not exhibit layer-like distribution (Fig. 7O)absence ofeelin expression suggests the lack of CR cells in
and glutamate-positive neurons were scarce (Fig.SB)Pis  Emx1/2double mutants. This possibility was assessed using
expressed in cortical plate neurons at E18.5 (Frantz et al., 1994veral molecular markers. GAP43 is a neuron-specific
SCIPexpression was present but diffus&mx2single mutants  phosphoprotein (Benowitz et al., 1988). At E16.5, the antibody
(Tole et al., 2000a) but was not detected at all inBmx1/2 against this protein stains the horizontal axons of CR cells,
double mutant cortex (Fig. 7S-U). Thus, the corticalnerve terminals of apical dendrites that synapse with the CR
architecture was severely affected in the double mutants.  horizontal axons in the marginal zone and subplate neurons
. o o (Fig. 10A). GAP43 was present in the subplat&mix2single
Impairment of ‘inside-out’ lamination pattern mutants but could not be detected in the marginal zone (Fig.
To examine possible defects associated with the “inside-ou’OB). In contrast, GAP43 was not evident throughout the
corticogenesis, neuronal  birthdate
analysis was then performed in E1 i e
and E15.5 embryos. Pregnant mice v WT Emx2 Emxl/2
injected with a single dose of BrdU. T . : ? S
embryos were sacrificed at E19.5,
the nuclei of those neurons that |
incorporated BrdU while undergoi E
their final cell division at the time =z
injection were identified. In wild-tyg
andEmx1lhomozygotes, neurons borr
E13.5 and E15.5 assumed their pr¢ —
positions in the deeper layers (Fig. 8A D . E F
and in the most superficial layer of
cortical plate (Fig. 8E,F), respectively
E19.5. The cell migration pattern v
slightly affected inEmx2single mutant
(Mallamaci et al., 2000) in that, neurc
born both at E13.5 and E15.5 w
somewhat scattered in the cor
however, many E15.5 neurons |
migrated to the superficial aspect of
cortical plate (Fig. 8C,G). In contra
Emx1/2  double mutant brai
demonstrated a severely impai
neuronal migration pattern. The E1
neurons were scattered throughout
cortex (Fig. 8D) and the E15.5 neun
failed to migrate to the superficial asg
of the cortical plate and remained in
periventricular zone (Fig. 8H). Thus, 1
corticogenetic gradient was disturbec
Emx1/2double mutants.

N

e
=
)

Lack of Cajal-Retzius cells and
subplate neurons

Reelin signaling plays a critical role g g marker analyses of neuronal differentiation. (ANEX expression at E15.5;

radial migration. In wild-type embryos  (D-F) Lhx2expression at E15.5; (G-I) RC2 staining at E16.5; (J-L) GFAP staining at E18.5.
E13.5and E15.5¢elinmRNA is preser  (A,D,G,J) Wild-type, (B,E,H,KEmx2"-and (C,F,|,L)Emxt’~ Emx2’/- cortices. Scale bars,

in CR cells in the marginal zo 100um.
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cortex inEmx1/2double mutants (Fig. 10C). In E16.5 wild- intermediate zone and are not present in the subplate. They
type cortex, chondroitin sulfate proteoglycans (CSPGs) alsdescend into the internal capsule and mingle with the thalamic
distribute in the marginal zone and subplate (Fig. 10Dpaxons. At E17.5 TAG1l immunoreactivity was reduced in
(Sheppard and Pearlman, 1997), suggesting that they dlfee Emx2 single mutant cortex (Fig. 10N) and no TAG1
produced mainly by CR cells and subplate neuron&Enix2  immunoreactivity was detected beyond the cortical/subcortical
single mutants, CSPGs were present in the subplate. They wéuaction (data not shown). TAG1 immunoreactivity was scarce
also detected in the medial portion of the marginal zone, buh Emx1/2double mutant cortex (Fig. 100).
were greatly reduced in the lateral portion (Fig. 10E). In ) )
Emx1/2 double mutants, CSPGs were scarcely preserfmx1/2 in generation of CR cells and subplate
throughout the cortex (Fig. 10F). neurons

Calretinin is another marker of CR cells and subplatEmx2expression occurs at E8.5, wher@&asxlexpression is
neurons (Fig. 8G) (Del Rio et al., 1995; Alcantara et al., 1998)nitially observed at E9.5 in rostral brain (Gulisano et al., 1996;
In the marginal zone dEmx2single mutants, calretinin was Briata et al., 1996; Mallamaci et al.,, 1998). Subcortex
present, although its expression was greatly diminished (Figxpresse€Emx2 but neverEmx1 (Tole et al., 2000b). Both
10H) and its expression was relativelv
normal in the subplate (Mallamaci
al., 2000). In contrast, expression \
not observed throughout the corte:
Emx1/2double mutants (Fig. 10I).

Calretinin (Del Rio et al., 199
and GAP43 (Benowitz et al., 19¢
are also expressed in thalamic
cortical axons. The absence of tl
expression indicates a lack of th
projections inEmx1/2double mutar
cortex. Subplate neurons have kb
suggested to play important roles
guiding cortical afferents (Molnar a
Blakemore, 1995; Super et al., 19
Zhou et al., 1999). Expression
CSPGs in subplate has been repc
to be associated with thalar
innervation (Bicknese et al., 199
expression of CSPGs was scarc
Emx1/2 double mutants. Defects
the thalamic projection were th
assessed with L1. L1-positive ax
leave the diencephalon for the intel
capsules and subsequently invade
cortex from the ventrolateral regi
along the subplate in E17.5 wild ty
(Fig. 10J) (Fukuda et al., 1997).
Emx2 single mutants, the axo
projected into the internal capsule
then into the cortex. Howew
projections to each portion of t
cortex were immature and fev
fibers accumulated below the corti
plate (Fig. 10K). In contras
thalamocortical axons  scarc
innervated the cortex InEmx1/Z
double mutants with many turni
basilaterally away from the cort
into the external capsule &
amygdala (Fig. 10L).

TAG1 stains corticofugal axo

i g i
WT Emxl” Emx2" Emxl/2

. . Fig. 7.Cortical lamination. (A-H) Nissl's staining; (E-H) enlarged views of marginal zone.

(Fig. 1QM) (F“k“d?‘ _et al.,_ 199 (I-L) MAP2 staining. (M-O) GABA staining. (P-R) Glutamate staining. (SS@QIPexpression.

TAG1 immunoreactivity resides (g M,P,S) Wild-type, (B,F,JEmxT-, (C.G,K,N,Q,TEmx2-and (D,H,L,O,R,UEmMxt*
neurons of the cortical plate and tr Emx2/-cortices at E16.5 (M-R) and E18.5 (A-L,S-U), respectively. CP, cortical plate;

fiber bundles in the cortex; the |z, intermediate zone; SP, subplate; SV, subventricular zone; MZ, marginal zone; VZ, ventricular
fibers are restricted to t zone. Scale bars, (E-L) $0n; others 10Qum.
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Emxl1/2 i

e " - &

E13.5

E15.5

Fig. 8.Birthdate analysis. BrdU was injected at E13.5 (A-D) or E15.5 (E-H), followed by examination of the distribution of Broig-pekti
at E19.5. (A,E) Wild-type, (B,FEmx1t’~, (C,G)Emx2’-and (D,H)Emxt/~ Emx2/-cortices. Brackets indicate the areas where BrdU-positive
cells are distributed. Abbreviations as in Fig. 7. Scale bargm00

genes are expressed in undifferentiated neuroepithelial cells meuroepithelium, which was similar to the wild type
the cortex, buEmx1is also expressed in differentiated cells. (Fig. 111) but neithereelin nor calretinin was detected there
Thus, at E11.5Emx1and Emx2 expression overlaps in the (Fig. 11L,0).

ventricular zone (Fig. 11A,D). As corticogenesis progresses, Finally, the fate of the neurons born at E11.5 was examined
Emx2 expression remains restricted to this zone (Fig. 11E}y BrdU labeling. At E18.5 irEmx2single mutants, these
while Emxlexpression is evident throughout the cortex fromcells were primarily harbored in the marginal zone and
the ventricular zone to the cortical plate (Fig. 11B). It issubplate, which was the same in the wild-type cortex, although
noteworthy thatEmx2 expression marks CR cells in the some neurons were distributed throughout the cortical plate
marginal zone (Fig. 11F), buEmx1 is never expressed (Fig. 11P,Q). In contrast, ifEmx1/2 double mutants the
here (Fig. 11C) (Briata et al., 1996;

Mallamaci et al., 1998). Emxz

expression in the marginal zone \ WT B Emxll2”

faint at E13.5. It was not visible )

preplate at E11.5.

These Emx1 and Emx2 expressiol
profiles suggest that tiEmx1/2double
mutant neocortical defects, which
much more severe than tRenx2single
mutant defects, are due to tt
complementary  functions in t
ventricular zone of the cortex. Neuro
differentiation begins around E11.5
neocortex with the generation of -
preplate; this structure is the locat )
where CR cells and subplate neur 1 1
first appear. These pioneer neurons s
marked by the expression of MAF G - ' H I

E15.5

reelin and calretinin (Fig. 11G,J,V e
Emx2single mutant preplate expres: :

these genes normally as in the w

type (Fig. 11H,K,N). In contras

in E11.5 Emx1/2 double mutar Fig. 9.ReelinexpressionReelinexpression at (A-C) E13.5 and (D-1) E15.5. (G-I) Enlarged
cortex, MAP2-positive cells we views of the marginal zone of D-F, respectively. (A,D,G) Wild-type, (B,Ex2/-and
present on the outer surface of  (C,FIl)Emxt’~Emx2’ cortices. Scale bars, 1p@n.

E15.5
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neurons born at E11.5 were scattered throughout the cortéxctors, while minor as independent components, contributes
(Fig. 11R). Thus, in the absence of inhibition of neuronakignificantly in sum to the decrease in cell number.
production, the differentiation of CR cells and subplate Neuronal differentiation was normal iBEmx1/2 double
neurons was arrested at the onset of corticogeneBisxi/2 mutants as assessed by MAREX Lhx2 RC2 and GFAP
double mutants. expression. Radial glial cells were generated and no obvious
accelerated differentiation into astrocytes was evident.
However, cortical architecture and layer-associated cell
DISCUSSION differentiation was greatly impaired in the double mutants. In
E11.5-12.5 Emx1/2 double mutant cortex, a preplate-like
In Emx1/2 double mutants the neocortex initially developedstructure was formed. The cells born at this stage later scattered
normally, but its wall thickness was greatly reduced at E18.5. Nitnroughout the cortex in the double mutants. Expression of
such reduction is seen BIx1/2, Mashlor Nkx2.1mutants that reelin, calretinin, CSPGs or GAP43 was absent in the double
display defects in the migration of interneurons (Anderson et almutant cortex. It is likely that no postmitotic neurons were able
1997; Casarosa et al., 1999; Sussel et al., 1999), nor in mutatdsdifferentiate into CR cells or subplate neurons in the double
of the reelin-signaling pathway that have defects in corticainutants. Residual CSPGs expression was detected but it is
lamination (Ohshima et al., 1996; Chae et al., 1997; Howell girobable that cells other than CR cells and subplate neurons
al., 1997; Sheldon et al., 1997; Gilmore et al., 1998; Rice et abkxpress CSPGs. MAP2, glutamate and GABA staining and
1998; Trommsdorff et al., 1999; Rice and Curran, 1999). Cefailure in thalamic projection are also supportive of the absence
number decreased to 60% of that in w~
type neocortex at E16.5, and this decr
was mainly due to the failure of ¢
migration from the ganglionic eminen
Concomitantly, the ganglionic eminer
expanded in the double mutants. Howew
is possible that a delay of migration, but
an absence of migration, leads to
phenomenon, as the double mutants d
birth, at which time normal migration m
not be complete.

The question arises as to whether
lack of cell influx can fully explain tt
decrease in cell number. GABA-posit
interneurons are reported to constitute
to 25% of all neocortical neurons (Gonc
and Burkhalter, 1997). Moreover, virtua
all cortical GABAergic interneurons e
derived from cells born in the gangliol
eminence (Stuhmer et al., 2002).
medial pallium is lost inEmx1/2double
mutants (unpublished data), and there
also be no influx of cells born in the dot
midline (Monuki et al.,, 2001). A
additional source of cortical cells born
non-cortical areas might exist, and
influx of these cells might also be inhibi
in the double mutantEmxlandEmx2are
co-expressed in the ventricular z«
throughout cortical development. T
would suggest thatEmx1l and Emxz
promote proliferation or multipotenti
fate in precursor cells. However, |
neocortical defects were not apparen
E11.5 and no significant decrease in
frequency of cells incorporating BrdU w
observed at either E11.5 or E16.5 in
double mutants. No sign of premat

differentiation of precursor cells or c Fig. 10.Marker analyses for CR cells and subplate neurons. (A-C) GAP43 staining,
death was apparent, nor was there (p r)cspGs staining, (G-I) calretinin staining, (J-L) L1 staining and (M-O) TAG1
apparent increase in tetraploid Ce staining at E16.5 (A-l) and E17.5 (J-O). Inserts in G-I provide enlarged views of the
However, the present analysis car staining. (A,D,G,J,M) Wild-type, (B,E,H,K,Ngmx2”-and (C,F,|,L,O)Emxt-Emx2/-
exclude the possibility that each of th  cortices. Scale bars, (A-1) and (M-O) 106; (J-L) 400um.
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of subplate neurons. However, the nature of cells born arourmbne, migrate radially and persist in the marginal zone during
E11.5/12.5 in the double mutants remains to be evaluated gorticogenesis. The majority of CR cells are glutamatergic (Del
future investigations. These cells might be the immature celRio et al., 1995). In mouse, the CR cells, but not the
in the normal lineage from which calretinin- andfeelinr  GABAergic neurons of the marginal zone, specifically express
positive pioneer neurons arise. Alternatively, these cells mightelin (Alcantara et al.,, 1998). Despite innumerable
have differentiated abnormally, but survive, because of thepublications regarding CR cells, however, these cells remain
ectopic placement; alternatively, these cells may be borelusive. Their numbers obviously increase with corticogenesis
heterochronically. It is also possible that they are unidentifieAlcantara et al., 1998) but the extent of the variety of cell types
normal pioneer cells, in which neuronal differentiationpresent in the marginal zone during development is disputed,
deviated as a consequence of the double mutation. along with what the CR cells are and their potentially

Recently, a set of mutants exhibiting defects in corticahumerous origins. In rat, CR cells are proposed to originate
lamination has been reported. Most of these are mutantsom smaller subpial neurons in the retrobulbar area and arrive
involving the genes in the reelin-signaling
pathway; the phenotype iselerlike (Ohshimé
et al., 1996; Howell et al., 1997; Sheldon et
1997; Chae et al., 1997; Gilmore et al., 1¢
Rice et al.,, 1998; Rice and Curran, 1¢
Trommsdorff et al., 1999). Defects in corti
lamination due to a BDNF mutation can alsc
explained by its regulation oéelin expression i
CR cells (Ringstedt et al., 1998). DefectsTior
mutants might also be related to the decr
in reelin expression (Hevner et al., 20C
Obviously, lamination defects iBmx1/2double
mutants are far beyond these aberration
reelerlike mutants. The lamination defects
most likely due to the failure in generation of
cells and subplate neurons themselves. Mu )
that fail to develop these pioneer cells have Wi
been described. G

In Emx2single mutants, the marginal zone
subplate are formed and defects in cor
lamination were subtle in comparison to thos :
the double mutantfkeelinpositive CR cells ai S ~
born and initially locate normally in the margi _
zone but they are subsequently lost in the Ia = w :
portion. In the developing cortexEmx1 is J e e
expressed through the ventricular zone to T
cortical plate, with the exception of the marg
zone (Briata et al., 1996; Mallamaci et al., 19
In contrastEmx2is expressed in the ventricu
zone and CR cells (Simeone et al., 1!
Gulisano et al., 1996; Mallamaci et al., 19
Emx2expression is not apparent at E11.5-12
the marginal zone. These expression profiles
mutant phenotypes may lead to the interpreti
that Emx2 acts to maintain CR cells of t
marginal zone, whereasEmx1l and Emxz
cooperate in the generation of CR and sub
neurons from progenitor cells in the ventric
zone. An alternative explanation, however
obviously necessary to explain the persisten:
thereelin-positive cells in the most medial reg B

of the Emx2single mutant cortex; that is, th Fig. 11.0nset ofEmx1/2double mutant neocortical defects. (ABjxland (D-F)
COer:IE? \;)vgg;(ijbitlji?yaisuThq;[etﬁgguclj?ité?:a?efdcEocr:r( Emx2expression in wild-type cortex at E11.5 (A,D) and at E15.5 (B,C,E,F).
- . (C,F) Enlarged views of B,E at the marginal zone. (G-1) MAP2, (®&&)inand

cortical hem that was present Emx2 single (M-O) calretinin expression in E12.5 (G-l) and E11.5 preplate (J-O). (P-R) Birthdate
mutants, but not inEmx1/2 double mutant anaiysis of E11.5 pioneer neurons. BrdU was injected at E11.5, subsequently, the
(Monuki et al., 2001). distribution of BrdU-positive cells was examined at E18.5. (G,J,M,P) Wild-type,

The view generally accepted is that CR ¢ (H,K,N,Q) Emx2™-and (I,L,0,R)Emxt- Emx2’- cortices. Abbreviations as in Fig.
are born around E11.5 in the cortical ventric 7. Scale bars, C and F p#; others 10Qum.
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at the marginal zone late at different stages of fetal life (MeygiMarin and Rubenstein, 2001) and alterations in the expression
et al.,, 1998). Th&amx2-and Emxtdependence of CR cells of these factors will be the subject of future investigation.
might differ depending on their origin (Mallamaci et al., 2000). In contrast tdEmx1/2 Pax6is proposed to limit the invasion
Subplate neurons have been reported to play important role§ the cortex by cells originating in the ganglionic eminence
in guiding thalamocortical pathways (Allendoer and Shatz(Chapouton et al., 1999). Fax6mutants, the lateral ganglionic
1994; Molnar and Blakemore, 1995; Nothias et al., 1998eminence (LGE) is re-specified to a more ventral fate, resulting
Mackarehtschian et al., 1999; Zhou et al., 1999). Chondroitim an expansion of the medial ganglionic eminence (MGE) and,
sulfate expression in subplate, which was scarcénixx1/2 the ventral and lateral cortex reallocates into derivatives of the
double mutants, has been shown to be associated with thalargenglionic eminence, accompanied by severe disruption of the
innervation (Bicknese et al., 1994). Axons from the thalamusortical/subcortical boundary (Stoykova et al., 2000; Toresson et
grow directly into the superficially located subplate and theml., 2000; Yun et al., 2001). In the cortex of th8sgmutants
downward into layer IV imeelermice (Molnar and Blakemore, CR cells are found in the marginal zone and basic laminar
1995). Thalamic pathways were impairedTior mutants, in  organization is established. However, proliferation of progenitor
which subplate cells, while present, underwent alteredells is accelerated with enlarged ventricular/subventricular
differentiation (Hevner et al., 2001). L1 staining, in additionzones, but a delineated intermediate zone and subplate are
to calretinin and GAP43 staining, indicated that thelacking (Stoykova et al., 2000). The cortical plate is thin without
thalamocortical pathway was also impairedemx1/2double  radial alignment of the cells, whereas the marginal zone is wide
mutant cortex, however, details await future study. Radial gliaghnd hypercellular. Differentiation of cortical radial glia is
cells are also among the earliest cells detectedEnfix1/2  impaired with defects in cellular morphology (G6tz et al., 1998)
double mutants, these cells appeared to be generated normadligd radial migration of late-born cortical neurons into the
although the radial alignment of their fibers was greatlydeveloping cortical plate is disturbed (Caric et al., 1997). During
disturbed. CR cells have been suggested to maintain radial gladrtical arealization, Emx2 has been implicated in the
phenotype (Hunter-Schaedle, 1997; Soriano et al., 1997; Supdgvelopment of the mediocaudal aspect, whePaag may be
et al., 2000) and ireeler mutants, the radial glial scaffold is involved in laterorostral region formation (Bishop et al., 2000;
less radially aligned and disappears prematurely. Thus, defeditizio et al., 2001). Thu®ax6and Emx1/2appear to function
in the alignment of the radial fibers Emx1/2double mutants differently in each step of cortical development; however, signals
could be secondary to the loss of CR cells. regulated bfmx1/2andPax6need to be coordinated for normal
Intriguing questions arise as to whether and how the defectievelopment of cortex.
in tangential cell migration into neocortex and in cortical
lamination are relate@Emx1is never expressed in the ganglionic _ This work was supported by Grants-in-Aid for Specially Promoted
eminence or in GABAergic neurons (Iwasato et al., 2000). Thu&esearch and Scientific Research on Priority Areas(c) — Advanced
the migration defects must be dueStmx1and Emx2functions Brain Science Project from the Ministry of Education, Culture, Sports,
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migration defects QO not res@_e in gangllonlc. eminence cell§’ 5,ss and G. Lemke fBF1, DIx1, NEX reelin, Lhx2 Ngn2 Pax6
themselves. There is a possibility that not only interneurons, bighg scip probes for RNA in situ analyses, to Dr A. Miyawaki for
also all neocorticateelin-positive CR cells are born in non- venus and to Drs. H. Asou and K. Watanabe for L1 and TAG1
neocortical areas and migrate into the neocortical preplate @ntibodies, respectively. We are also grateful to the Laboratory
marginal zone (Lavdas et al., 1998jnxland Emx2might be  Animal Research Center of Kumamoto University for housing of the
essential in the cortex to promote the cell influx and the doublwice and to Dr F. Arai for operating FACS Calibur.
mutant defects in cortical lamination might be secondary to the
loss of CR, subplate and/or other cells from non-cortical areas
caused by the defects in the cell influx. The laminar organizatioREFERENCES
appears largely normal iDIx1/2, Mashland Nkx2.1mutants
(Anderson et al., 1997; Casarosa et al., 1999; Sussel et al., 19%)antara, S., Ruiz, M., D'Arcangelo, G., Ezan, F, Lecea, L., Curran, T,
but their cortex does not lose all interneurons and has CR cells>2'¢l0. C. and Soriano, E(1998). Regional and Cellular patternseglin

. MRNA expression in the forebrain of the developing and adult mduse.
and subplate neurons. Alternatively and more probably, a yeyrosci18, 7779-7799.
laminar organization in the cortex or the production of CR cellgjiendoerfer, K. L. and Shatz, C. J.(1994). The subplate, a transient
and subplate neurons Bmxland Emx2might be essential to neocortical structure: Its role in the development of connections between
the tangential movement of the interneurons. This cannot be dg:'rzomnussa”Ad Cé’ifstgﬁsnt';?-ges- Nseh‘frofd-az'dlgﬁfeln%tem 3L R997)
response to reelin, since interneurons m_|grate into the portex'ﬁﬂnternelyjron m’igration fro’m basz;\l for;sxbrain to neocortex:ydependence on DIx
reeler mutants (T. M. and M. O., unpublished observation). A genesScience278 474-476.
close association of tangentially oriented cells in the cortex anghderson, S., Mione, M., Yun, K. and Rubenstein, J. L(1999). Differential
bundles of the corticofugal and thalamocortical fiber system hasorigins of tr_lecit‘;oitical projection ;rg Iogaécirfug n6€‘iJ6r06rlss‘:1 role of DIx genes

: : N neocortical Interneuronogene rep. corex, - .
be_en .repc?”ed (Metin and GOdemenF’ 1996), suggesting thgggevine, J. B. and Sidman,gR. L(1961). Autoradiographic study of cell
m|grat|_ng '_ntemeur,ons may use this fiber system as a SC'suchIdmigration during histogenesis of cerebal cortex in the mduatire 192
for their migration into the neocortex. Recently TAG-1 present 766-768.
on corticofungal fibers, but not L1 present on thalamocorticaBartholomae, A. and Nave, K. A.(1994). NEX-1: a novel brain-specific
fibers, was suggested to mediate the migration (Denaxa et al.f‘e“tx"oolo*t‘_e'i); PYOtEi”MWitE %“tozzgli'i‘;iozﬂz Sa”d sustained expression in
. e . : mature cortical neuronglecn. bevao, - .

2001); both TAG-1 and L1-positive fibers were scarce in th enowitz, L. 1., Apostolides, P. J., Perrone-Bizzozero, N., Finklestein, S. P.
Emx1/2 double mutant neocortex. Several motogenic and angd zwiers, H. (1988). Anatomical distribution of the Growth-Associated
guidance factors for tangential migration have been describedprotein GAP-43/B-50 in the adult rat braih.Neurosci8, 339-352.



Emx1/2 and neocorticogenesis 3491

Bicknese, A. R., Sheppard, A. M., O’'Leary, D. D. M. and Pearlman, A. L. Emx2 show different patterns of expression during proliferation and
(1994). Thalamocortical axons extend along a chondroitin sulfate differentiation of the developing cerebral cortex in the mokse. J.
proteoglycan-enriched pathway coincident with the neocortical subplate and Neurosci.8, 1037-1050.
distinct from the efferent patld. Neuroscil4, 3500-3510. Hartfuss, E., Glial, R., Heins, N. and Gotz, M(2001). Characterization of

Bishop, K. M., Goudreau, G. and O’Leary, D. D. M.(2000). Regulation of CNS precursor subtypes and radial gi&yv. Biol.229, 15-30.
area identity in the mammalian neocortextbyix2andPaxé Science288, Hevner, R. F, Shi, L., Justice, N., Hsueh, Y.-P., Sheng, M., Smiga, S.,
344-349. Bulfone, A., Goffinet, A. M., Campagnoni, A. T. and Rubenstein, J. L.

Briata, P., di Blas, E., Gulisano, M., Mallamaci, A., lannone, R., R. (2001). Thrl regulates differentiation of the preplate and laydeéron
Boncinelli, E. and Corte, G.(1996). EMX1 homeoprotein is expressed in 29, 353-366.
cell nuclei of the developing cerebral cortex and in the axons of the olfactoriill, R. E., Jones, P. F, Rees, A. R., Sime, C. M., Justice, M. J., Copeland, N.
sensory neuronddech. Dev57, 169-180. G., Jenkins, N. A., Graham, E. and Davidson, D. R1989). A new family

Bulfone, A., Puelles, L., Porteus, M. H., Frohman, M. A., Martin, G. R. of mouse homeo box containing genes: molecular structure, chromosome
and Rubenstein, J. L.(1993). Spatially restricted expression of DIx-1, DIx-  location and developmental expression of HoG&nes De\B, 26-37.

2 (Tes-1), Gbx-2, and Wnt-3 in the embryonic day 12.5 mouse forebraiflowell, B. W., Hawkes, R., Soriano, P. and Cooper, J. A1997). Neuronal
defines potential transverse and longitudinal segmental bounddries. position in the developing brain is regulated by madisabled-1 Nature
Neurosci.13, 3155-3172. 389 733-737.

Caric, D., Gooday, D., Hill, R. E., McConnell, S. K. and Price, D. J1997). Hunter-Schaedle, K. E. (1997). Radial glial cell development and

Determination of the migratory capacity of embryonic cortical cells lacking transformation are disturbed ieelerforebrain.J. Neurobiol.33, 459-472.

the transcription factor Pax-Bevelopmeni24, 5087-5096. lwasato, T., Datwani, A., Wolf, A. M., Nishiyama, H., Taguchi, Y.,
Casarosa, S., Fode, C. and Guillemot, F(1999). Mashl regulates Tonegawa, S., Knopfel, T., Erzurumly, R. S. and Itohara, S(2000).

neurogenesis in the ventral telencephaldevelopmeni26, 525-534. Cortex-restricted disruption of NMDAR1 impairs neuronal patterns in the
Caviness, V. S., Jr and Rakic, R1978). Mechanisms of cortical development:  barrel cortexNature 406, 726-731.

A view from mutations in miceAnnu. Rev. Neuroscl, 297-326. Kennedy, H. and Dehay, C(1993). Cortical specification of mice and men.

Caviness, V. S., J(1982). Neocortical histogenesis in normal and reeler mice: Cereb. Cortex3, 171-186.
a developmental study based up@H]fhymidine autoradiographyDev. Lavdas, A. A., Grigoriou, M., Pachnis, V. and Parnavelas, J. G1999). The

Brain Res4, 293-302. medial ganglionic eminence give rise to a population of early neurons in the
Chae, T., Kwo, Y. T., Bronson, R., Dikkes, P., Li, E. and Tsai, L. H1997). developing cerebral corted. Neurosci99, 7881-7888.

Mice lacking p35, a neuronal specific activator of cdk5, display corticalLuskin, M. B. and Shatz, C. J.(1985). Studies of the earliest generated cells

lamination defects, sizures, and adult lethahiguron18, 29-42. of the cat’s visual cortex: cogeneration of subplate and marginal zbnes.
Chans-Sacre, G., Rogister, B., Moonen, G. and Lepronce,(R000). Radial Neurosci.5, 1062-1075.

glial phenotype: origin, regulation, and transdifferentiatioiNeurosci. Res.  Mackarehtschian, K., Lau, C. K., Caras, |. and McConnell, S. K(1999).

61, 357-363. Regional differences in the developing cerebral cortex revealed by Ephrin-

Chapouton, P., Gartner, A. and Gotz, M.(1999). The role of Pax6 in A5 expressionCereb. Corted, 601-610.
restricting cell migration between developing cortex and basal gangliaMalatesta, P., Hartfuss, E. and Gotz, M(2000). Isolation of radial glial cells
Developmeni26 5569-5579. by fluorescent-activated cell sorting reveals a neuronal linBeyelopment
Corbin, J. G., Nery, S. and Fishell, G(2001). Telencephalic cells take a 127, 5253-5263.
tangent: non-radial migration in the mammalian forebidature Neurosci.  Mallamaci, A., lannone, R., Briata, P., Pintonello, L., Mercurio, S.,

4,1177-1182. Boncinelli, E. and Corte, G.(1998). EMX2 protein in the developing
Curran, T. and D’Arcangelo, G. (1998). Role of reelin in the control of brain mouse brain and olfactory arédech. Dev77, 165-172.

developmentBrain Res. Re26, 285-294. Mallamaci, A., Mercurio, S., Muzio, L., Cecchi, C., Pardini, C. L., Gruss,
D’Arcangelo, G., Mlao, G. G., Chen, S.-C., Soares, H. D., Morgan, J. I. P. and Boncinelli, E.(2000). The lack of Emx2 causes impairment of Reelin

and Curran, T. (1995). A protein related to extracellular matrix proteins  signaling and defects of neuronal migration in the developing cerebral

deleted in the mouse mutant reeNature374, 719-723. cortex.J. Neurosci20, 1109-1118.
de Carlos, J. A., Lopez-Mascaraque, L. and Valverde, F1996). Dynamics  Marin, O., Anderson, S. A. and Rubenstein, J. L. R(2000). Origin and

of cell migration from the lateral ganglionic eminence in theJrateurosci. molecular specification of striatal interneurohsNeurosci20, 6063-6076.

16, 6146-6156. Marin, O. and Rubenstein, J. L. R.(2001). A long, remarkable journey:
Del Rio, J. A., Soriano, E. and Ferrer, 1.(1992). Development of GABA- tangential migration in the telencephaldtature Reviews Neuros@, 780-

immunoreactivity in the neocortex of the moukeComp. Neurol326, 501- 790.

526. Marin-Padilla, M. (1998). Cajal-Retzius cells and the development of the
Del Rio, J. A., Martinez, A., Fonesca, M., Auladell, C. and Soriano, E. neocortexTrends Neurosci2l, 64-71.

(1995). Glutamate-like immunoreactivity and fate of Cajal-Retzius cells in théMetin, C. and Godement, P.(1996). The ganglionic eminence may be an

murine cortex as identified with Calretinin antibo@greb. Corte)s, 13-21. intermediate target for corticofugal and thalamocortical axhnseurosci.

Denaxa, M., Chan, C.-H., Schachner, M., Parnavelas, J. G. and 16, 3219-3235.
Karagogeos, D.(2001). The adhesion molecule TAG-1 mediates theMeyer, G., Soria, J. M., Martinez-Galan, J. R., Martin-Clemente, B. and
migration of cortical interneurons from the ganglionic eminence along the Fairen, A. (1998). Different origins and developmental histories of transient

corticofugal fiber systenDevelopmeni28 4635-4644. neurons in the marginal zone of the fetal and neonatal rat cdrt€omp.
Frantz, G. D., Bohner, A. P., Akers, R. M. and McConnell, S. K(1994). Neurol.397, 493-518.

Regulation of the POU domain gene SCIP during cerebral corticaMisson, J.-P., Edwards, M. A., Yamamoto, M. and Caviness, V. S., Jr

developmentJ. Neuroscil4, 472-485. (1988). Identification of radial glial cells within the developing murine
Fukuda, T., Kawano, H., Ohyama, K., Li, H., Takeda, Y., Oohira, A. and central nervous system: studies based upon a new immunohistochemical

Kawamura, K. (1997). Immunohistochemical localization of neurocan and marker.Dev. Brain Res44, 95-108.

L1 In the formation of thalamocortical pathway of developing thtSomp. Miyamoto, N., Yoshida, M., Kuratani, S., Matsuo, |. and Aizawa, S1997).

Neurol. 382 141-152. Defects of urogenital development in mice lackiirgx2 Developmen124,
Gauvrieli, Y., Sherman, Y. and Ben-Sasson, S. A1992). Identification of 1653-1664.

programmed cell death in situ via specific labeling of nuclear DNAMiyata, T., Kawaguchi, A., Okano, H. and Ogawa, M(2001). Asymmetric

fragmentationJ. Cell Biol.119, 493-501. inheritance of radial glial fibers by cortical neuroNsuron31, 727-741.
Gilmore, E. C., Ohshima, T., Goffinet, A. M., Kulkarni, A. B. and Herrup, Molnar, Z. and Blakemore, C.(1995). How do thalamic axons find their way

K. (1998). Cyclin-dependent kinase 5-deficient mice demonstrate novel to the cortex?rends Neuroscil8, 389-397.

developmental arrest in cerebral cort&xNeuroscil8, 6370-6377. Monuki, E. S., Weinmaster, G., Kuhn, R. and Lemke, G(1989). SCIP: a
Gonchar, Y. and Burkhalter, A. (1997). Three distinct families of glial POU domain gene regulated by cyclic ANNeuron3, 783-793.
GABAergic neurons in rat visual corteRereb. Cortex’, 347-358. Monuki, E. S., Porter, F. D. and Walsh, C. A(2001). Patterning of the dorsal
Goétz, M., Stoykova, A. and Gruss, P(1998). Pax6 controls radial glia telencephalon and cerebral cortex by a roof plate-Lhx2 patiiNeayon32,
differentiation in the cerebral corteXeuron21, 1031-1044. 591-604.

Gulisano, M., Broccoli, V., Pardini, C. and Boncinelli, E(1996). Emx1 and  Muzio, L., DiBenedetto, B., Stoykova, A., Boncinelli, E., Gruss, P. and



3492 K. Shinozaki and others

Mallamaci, A. (2001). Emx2and Pax6 control regionalization of the pre- Shimizu, C., Akazawa, C., Nakanishi, S. and Kageyama, R.995). MATH-

neurogenic cortical primordiunCerebral Cortext2, 129-139. 2, a mammalian helix-loop-helix factor structurally related to the product of
Nagai, T., Ibata, K., Park, E. S., Kubota, M., Mikoshiba, K. and Miyawaki, Drosophilaproneural genatonal is specifically expressed in the nervous

A. (2002). A variant of yellow fluorescent protein with fast and efficient system.Eur. J. Biochem229, 239-248.

maturation for cell-biological applicationsature Biotechnol20, 87-90. Simeone, A., Gulisano, M., Acampora, D., Stornaiuolo, A., Rambaldi, M.

Noctor, S. C., Flint, A. C., Weissman, T. A., Dammerman, R. S. and and Boncinelli, E. (1992). Two vertebrate homeobox genes related to the
Kriegstein, A. R. (2001). Neurons derived from radial glial cell establish  Drosophila empty spiracles gene are expressed in the embryonic cerebral
radial units in neocorteNature409, 714-720. cortex.EMBO J.11, 2541-2550.

Nothias, F., Fishell, G. and Altaba, A. R(1998). Cooperation of intrinsic ~ Sommer, L., Ma, Q. and Anderson, D. J(1996). Neurogenins, a novel family
and extrinsic signals in the elaboration of regional identity in the posterior of atonal-related bHLH transcription factor, are putative mammalian
cerebral cortexCurr. Biol. 8, 459-462. neuronal determination genes that reveal progenitor cell heterogeneity in the

Ogawa, M., Miyata, T., Nakajima, K., Yagyu, K., Seike, M., Ikenaka, K., developing CNS and PN#®ol. Cell. Neurosci8, 221-241.

Yamamoto, H. and Mikoshiba, K. (1995). The reeler gene-associated Soriano, S., Alvarado-Mallart, R. M., Dumesnil, N., del Rio, J. A. and
antigen on Cajal-Retzius Neurons is a crucial molecule for laminar Sotelo, C.(1997). Cajal-Retzius cells regulate the radial glia phenotype in
organization of cortical neuronSeuron14, 899-912. the adult and developing cerebellum and alter granule cell migrblgmon

Ohshima, T., Ward, J. M., Huh, C.-G., Longenecker, G., Veernna, A., Pant, 18, 563-577.

H. C., Brady, R. O., Martin, L. J. and Kulkarni, A. B. (1996). Targeted  Spassky, N., Goujet-Zalc, C., Parmantier, E., Olivier, C., Martinez, S.,
disruption of the cyclin-dependent kinase 5 gene results in abnormal Ivanova, A., Ikenaka, K., Macklin, W., Cerruti, |., Zalc, B. and Thomas,

corticogenesis, neuronal pathology and perinatal d&atit. Natl. Acad. J.-L. (1998). Multiple restricted origin of oligodendrocytdsNeuroscil8,
Sci. USA93, 11173-11178. 8331-8343.

O’Leary, D. D. M. (1989). Do cortical areas emerge from a protocortex?Stoykova, A., Treichel, D., Hallonet, M. and Gruss, P(2000). Pax6
Trends Neuroscil2, 4000-4006. modulates the dorsoventral patterning of the mammalian telencepbalon.

Olivier, C., Cobos, I., Villegas, E. M. P., Spassky, N., Zalc, B., Martinez, Neurosci.20, 8042-8050.
S. and Thomas, J.-L. (2001). Monofocal origin of telencephalic Stuhmer, T., Puelles, L., Ekker, M. and Rubenstein, J. J. R(2002).
oligodendrocytes in the anterior entopeduncular area of the chick embryo. Expression from aDIx gene enhancer marks adult mouse cortical

Developmenti28 1757-1769. GABAergic neuronsCereb. Cortexl2, 75-85.
Pellegrini, M., Mansouri, A., Simeone, A., Boncinelli, E. and Gruss, PL996). Super, H., Soriano, E. and Uylings, H. B. M(1998). The functions of the
Dentate gyrus formation requires Emkzvelopment 22, 3893-3898. preplate in development and evolution of the neocortex and hippocampus.

Porter, F.,, Drago, J., Xu, Y., Cheema, S. S., Wassif, C., Huang, S., Lee, E., Brain Res. Re27, 40-64.
Grinberg, A., Massalas, J. S., Bodine, D., Alt, F. and Westphal, H. Super, H., del Rio, J. A., Martinez, A., Perez-Sust, P. and Soriano, €000).
(1997).Lhx2, a LIM homeobox gene, is required for eye, forebrain, and Disruption of neuronal migration and radial glia in the developing cerebral
definitive erythrocyte developmeriRevelopmeni24, 2935-2944. cortex following ablation of Cajal-Retzius celSereb. Cortext0, 602-613.
Powell, E. M., Mars, W. M. and Levitt, P. (2001). Hepatocyte growth Sussel, L., Marin, O., Kimura, S. and Rubenstein, J. L(1999). Loss of
factor/scatter factor is a motogen for interneurons migrating from the ventral Nkx2.1 homeobox gene function results in a ventral to dorsal molecular
to dorsal telencephaloileuron30, 79-89. respecification within the basal telencephalon: evidence for a transformation
Qiu, M., Anderson, S., Chen, S., Meneses, J. J., Hevner, R., Kuwana, E.,  of the pallidum into the striatunevelopmenfi26, 3359-3370.
Pedersen, R. A. and Rubenstein, J. L(1996). Mutation of the Emx-1  Tamamaki, N., Fujimori, K. E. and Takauji, R. (1997). Origin and route of

homeobox gene disrupts the corpus callosDev. Biol.178 174-178. tangentially migrating neurons in the developing neocortical intermediate
Rakic, P. (1972). Mode of cell migration to the superficial layers of fetal zone.J. Neuroscil7, 8313-8323.

monkey neocorex]. Comp. Neurol145 61-84. Tao, W. and Lai, E. (1992). Telencephalon-restricted expressioBBfl, a
Rakic, P., Suner, I. and Williams, R. W.(1991). A novel cytoarchitectonic new member of théiNF-3/fork headgene family, in the developing rat

area induced experimentally within the primate visual coifeeac. Natl. brain.Neuron8, 957-966.

Acad. Sci. USA8, 2083-2087. Tole, S., Goudreau, G., Assimacopoulos, S. and Grove, E.(2000a). Emx2

Reznikov, K. and Kooy, D. V. D.(1995). Variability and partial synchrony of is required for growth of the hippocampus but not for hippocampal field
the cell cycle in the germinal zone of the early embryonic cerebral cortex. specificationJ. Neurosci20, 2618-2625.

J. Comp. Neurol360, 536-554. Tole, S., Ragsdale, C. W. and Grove, E. A2000b). Dorsoventral patterning
Rice, D. S., Sheldon, M., D'Arcangelo, G., Makajima, K., Goldowitz, D. of the telencephalon is disrupted in the mouse metera-toesDev. Biol.

and Curran, T. (1998).Disabled-1acts downstream &eelinin a signaling 217, 254-265.

pathway that cont rols laminar organization in the mammalian brainToresson, H., Potter, S. S. and Campbell, K(2000). Genetic control of

Development25 3719-3729. dorsoventral identity in the telencephalon: opposing roles for Pax6 and

Rice, D. S. and Curran, T.(1999). Mutant mice with scrambled brains: Gsh2.Developmeni27, 4361-4371.
understanding the signaling pathways that control cell positioning in th@rommsdorff, M., Gotthardt, M., Hiesberger, T., Shelton, J., Stockinger,
CNS.Genes Devl3, 2758-2770. W., Nimpf, J., Hammer, R. E., Richardson, J. A. and Herz, J(1999).

Ringstedt, T., Linnarsson, S., Wagnoer, J., Lendahl, U., Kokaia, Z., Reeler/Disabled-like disruption of neuronal migration in knockout mice
Arenas, E., Emnfors, P. and Ibafiez, C. H1998). BDNF regulates reelin lacking the VLDL receptor and ApoE receptorCzll 97, 689-701.
expression and Cajal-Retzius cell development in the cerebral corte}Valther, C. and Gruss, P.(1991). Pax-§ a murine paired box gene, is
Neuron21, 305-315. expressed in the developing CN¥evelopmeni13 1435-1449.

Sancho-Tello, M., Valles, S., Montoliu, C., Renau-Piqueras, J. and Guerri, Wilkinson, D. G. (1993). In situ hybridizationln Essential developmental
C. (1995). Developmental pattern of GFAP and vimentin gene expression biology: A practical approaciied. C. D. Stern and P. W. H. Holland), 257-

in rat brain and in radial glial cultureSlia 15, 157-166. 274. IRL Press: Oxford.
Schwab, M. H., Druffel-Augustin, S., Gass, P., Jung, M., Klugmann, M., Wood, J. G., Martin, S. and Price, D. J(1992). Evidence that the earliest
Bartholomae, A., Rossner, M. J. and Nave, K. A1998). Neuronal basic generated cells of the murine cerebral cortex form a transient population in

helix-loop-helix proteins (NEX, neuroD, NDRF): spatiotemporal expression the subplate and marginal zomain Res. Dev. Brain Re§6, 137-140.

and targeted disruption of the NEX gene in transgenic ndicBeurosci. Yoshida, M., Suda, Y., Matsuo, I., Miyamoto, N., Takeda, N., Kuratani, S.

18, 1408-1418. and Aizawa, S.(1997).EmxlandEmx2functions in development of dorsal
Sheldon, M., Rice, D. S., D'Arcangelo, G., Yoneshima, H., Nakajima, K., telencephalonDevelopmenii24, 101-111.

Mikoshiba, K., Howell, B. W., Cooper, J. A., Goldowitz, D. and Curran, Yun, K., Potter, S. and Rubenstein, J. L. R(2001). Gsh2and Pax6 play

T. (1997). Scramblerand yotari disrupt thedisabledgene and produce a complementary roles in dorsoventral patterning of the mammalian

reelerlike phenotype in miceNature389, 730-733. telencephalonDevelopmeni28 193-205.

Sheppard, A. M. and Pearlman, A. L.(1997). Abnormal reorganization of Zhou, C., Qiu, Y., Oereira, F. A, Crair, M. C., Tsai, S. Y. and Tsai, M.-J.
preplate neurons and their associated extracellular matrix: an early (1999). The nuclear orphan receptor COUP-TFI is required for
manifestation of altered neocortical development in the reeler mutant mouse.differentiation of subplate neurons and guidance of thalamocortical axons.
J. Comp. Neurol378 173-179. Neuron24, 847-859.



